Modern Japanese sushi is derived from an archetype, narezushi, which is made by the fermentation of salted fish with rice. Several studies have demonstrated that lactic acid bacteria are dominantly present in narezushi, but no studies have addressed how microbial composition changes during fermentation. In this study, we examined changes in the microbial population in aji (horse mackerel)-narezushi during fermentation by pyrosequencing the 16S ribosomal RNA gene (rDNA). Ribosomal Database Project Classifier analysis revealed that among the 53 genera present, the Lactobacillus population drastically increased during fermentation, while the populations of other bacteria remained unchanged. Basic Local Alignment Search Tool analysis revealed that L. plantarum and L. brevis were the major species. Comparison with other fermented food microbiota indicated high product-dependency of the bacterial composition, which might have been due to the starter-free fermentation process.
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Key words: narezushi; pyrosequencing; 16S rDNA; lactic acid; fermentation Modern Japanese sushi is derived from a traditional fermented food, narezushi, which first appears in the historic archive in the Yoro Ritsuryo, which dates from the ancient era (AD 718). 1, 2) Narezushi is made from salted fish and cooked rice, and is naturally fermented for more than 4 weeks at ambient temperature. In several areas in Japan, for example the Noto Peninsula in the Hokuriku region, preparation of narezushi as a preserved food or delicacy remains popular. The salted and vinegar-treated horse mackerel aji (Trachurus japonicus) is the most commonly used fish for narezushi on the Noto Peninsula, although other fishes such as ugui (Tribolodon hakonensis) and ayu (Plecoglossus altivelis altivelis) are also used. Narezushi is typically prepared in late spring, and is eaten during local village festivals held at the start of autumn.
Sour taste and deep flavor distinguishes narezushi from modern sushi, whose preparation does not involve fermentation. It is thought that lactic acid bacteria (LAB) play an important role in the narezushi fermentation process. Recently, An et al. examined the microflora of aji-narezushi using polymerase chain reaction single-strand conformation polymorphism (PCR-SSCP) and PCR denaturing gradient gel electrophoresis (PCR-DGGE) analysis of the 16S ribosomal RNA gene (rDNA).
3) They identified Lactobacillus versmoldensis and L. acidipiscis as the major LAB species present. The microbial compositions of two other types of narezushi, samma (Cobolabis saira)-narezushi and ayu-narezushi, were also examined by a 16S rDNA clone library method, and LAB species were again found to be dominant among the bacterial flora, 4, 5) but little is known about how the microbiota changes during fermentation. In this study, we evaluated time-dependent changes in bacterial diversity in aji-narezushi from the Noto Peninsula by pyrosequencing analysis of 16S rDNA. 6, 7) The results revealed that, despite fermentation being initiated without adding a starter culture, the Lactobacillus population drastically increased during fermentation while the populations of the other bacteria remained unchanged. As previously determined by pyrosequence-based microflora analysis of several fermented food, the present study successfully applied this technique to gain information on the microbiota involved in food fermentation. [8] [9] [10] 
Materials and Methods
Samples. Aji-narezushi was prepared by Yanagida Syokusan (Ishikawa, Japan). Fresh T. japonicus fish (aji) were gutted and the eyes or whole heads were removed. The pre-treated fish were placed in barrels containing highly concentrated (20-30%) salt solutions, and then soaked in rice vinegar to remove excess salt. They were then placed in another barrel and covered with cooked rice, followed by a small number of Japanese pepper leaves and finally red peppers. Fermentation was carried out for nearly 6 weeks at ambient temperature. Then leaching supernatants were taken at 7, 12, 19, and 41 d after the start of fermentation for DNA extraction and isolation of bacterial strains.
Determination of organic acid concentrations. Once fermentation was complete (41 d), the rice portion of the aji-narezushi was withdrawn, and organic acid contents were measured using an organic analysis system (Shodex OA, Showa Denko, Tokyo).
Pyrosequencing. Pyrosequencing was targeted to the variable regions of V1 and V2 in bacterial 16S rDNA, since these regions have been reported to be useful for the classification of LAB genera and species. 11, 12) The primers used for PCR-amplification were F8 (5 0 -AGAGTTTGATCATGGCTCAG-3 0 , forward) and R357 (5 0 -CTGC-TGCCTYCCGTA-3 0 , reverse). Their 5 0 -ends were flanked by specific adaptors, 5 0 -CGTATCGCCTCCCTCGCGCCATCAG-3 0 (forward) and 5 0 -CTATGCGCCTTGCCAGCCCGCTCAG-3 0 (reverse), that were appropriate to the pyrosequencing equipment used, the Genome Sequencer FLX System (Roche). Between the adaptor and primer sequences, short tag sequences (CACGT, CATAG, CGATA, and TACGA) were inserted to allow reads from different fermentation periods to be sorted in the same run (7, 12, 19 , and 41 d from the start of fermentation respectively). Template DNA was prepared by extracting leaching supernatants (400 mL) of aji-narezushi with EZExtract for DNA (AMR, Gifu, Japan) and a Fast Pure DNA kit (Takara Bio, Ohtsu, Japan). The reaction was performed using PrimeSTAR GXL DNA polymerase (Takara) with 18 or 20 cycles of denaturation (94 C, 30 s), annealing (55 C, 30 s), and extension (68 C, 1 min).
16S rDNA-based taxonomic analysis. Analyses of sequence reads were performed manually using Ribosomal Database Project (RDP) Classifier (http://rdp.cme.msu.edu/classifier/classifier.jsp). Reads obtained in the FASTA format were assigned to the genus levels with an 80% confidence threshold. 13) For species determination, the Basic Local Alignment Search Tool (BLAST) was used.
Real-time quantitative PCR. Real-time quantitative PCR assays (qPCR) were done to determine the total bacterial population. DNA samples prepared for pyrosequencing as above were reused as qPCR templates. The 16S rDNA V3-V4 regions were amplified using 331-f (5 0 -TCCTACGGGAGGCAGCAGT-3 0 ) and 797-r (5 0 -GGACTACC-AGGGTATCTAATCCTGTT-3 0 ) as forward and reverse primers respectively. [14] [15] [16] 
0 was used as a TaqMan probe. The reaction mixtures were prepared using TaqMan Gene Expression Master Mix (Applied Biosystems, Foster City, CA), and were run on a 7300 Real-Time PCR System (Applied Biosystems) following manufacturer's instructions. We used serial dilutions of genomic DNA of a L. plantarum strain isolated from aji-narezushi to construct a standard curve for cellnumber estimations. The populations of the respective genera were estimated using ratios of their reads to the total reads obtained in the pyrosequencing analysis.
16S rDNA sequence analyses of LAB strains. LAB strains were isolated from aji-narezushi. Cultivation was carried out on de Man, Rogosa, and Sharpe (MRS) agar plates (Becton Dickinson, Difco, Franklin Lakes, NJ). Genomic DNA was extracted from randomly selected isolates using a Wizard Genomic DNA Extraction Kit (Promega, Fitchburg, WI). Whole regions of 16S rDNA were amplified using oligonucleotides F8 and R1510 (5 0 -ACGGYTACCTTTGTTAC-GACTT-3 0 ) as the primer pair. The amplified fragments were purified with a QIAquick PCR Purification Kit (Qiagen, Venlo, Netherlands), and then used for direct sequencing.
Nucleotide sequence accession numbers. The nucleotide sequences of 16S rDNA were deposited in the DNA Data Bank of Japan (DDBJ). Pyrosequencing reads were deposited in the DDBJ Sequence Read Archive under accession no. DRA000441. The 16S rDNA sequences of the strains isolated from aji-narezushi were deposited under accession nos. AB666313-AB666317.
Results
Changes in aji-narezushi microbiota as revealed by pyrosequencing analysis Table 1 presents the results of the pyrosequencing analysis of aji-narezushi samples taken at different times during fermentation. A broad variety of genera (more than 50) was present throughout the fermentation process, with Lactobacillus representing the most abundant genus. This genus composed 75-90% of the bacterial population at every fermentation duration tested, confirming the major role of Lactobacillus strains in aji-narezushi fermentation. Reads of lactococci (Lactococcus and Leuconostoc) were also present throughout the fermentation process, but at 20-fold lower than read numbers Lactobacillus (Table 1) . Notably, a non-rod-shaped LAB Pediococcus was found at slightly increased levels in the final product (926 reads were identified at 41 d), suggesting that this genus is involved in maturation as described below. Two non-LAB putrefactive bacteria (Citrobacter and Clostridium) were observed at detectable levels, but their populations did not significantly increase during fermentation and did not exceed 6% of the total population. A slight increase in Pseudomonas was observed at 41 d (223 reads), but at less than 2%. LAB apparently repressed the growth of the other undesirable bacteria, as is generally seen in handmade foods. It is by this biopreservative effect that the quality of food is maintained by the presence of LAB.
Isolation and classification of LAB strains from ajinarezushi
Next we isolated the LAB strains from the ajinarezushi samples and determined their 16S DNA sequences to identify them at the species level. Among the 50 strains isolated, L. plantarum (24 isolates) and L. brevis (22 isolates) were found to dominate throughout the fermentation process (Table 2) . Their sequences exhibited 100% identities with those of L. plantarum WCFS1 (GenBank/EMBL/DDBJ accession no. AL935263) and L. brevis ATCC14869 (EU194349.1). Several minor species were also identified, including L. parabuchneri, 2 isolates, 99% identical to L. parabuchneri LMG11457 (AJ970317), and L. casei, 1 isolate, 100% identical to L. casei ATCC27139 (EU670679.1) at the early and late stages of fermentation respectively. One strain obtained from the late fermentation phase was found to be Pediococcus ethanolidurans, a newly designated species isolated from a distilled spirit fermenting cellar in China, 99% identical to P. ethanolidurans Z-9 (AY956789). 17) More than 90% of the pyrosequencing reads assigned to Lactobacillus and Pediococcus were 99-100% identical to the 16S rDNA sequences of these strains, indicating that the main strains in the fermentation were successfully isolated. Aji-narezushi fermentation can thus be characterized as Lactobacillus-induced, with L. plantarum and L. brevis the major species involved. The final product contained a high concentration of lactic acid (28 mg/g, Table 3 ). These results are consistent with a previous report by Kuda et al., in which 32-40 mg/g of lactic acid was detected after fermentation had proceeded for about 1.5 to 2 months. 1) We also detected significant quantities of acetic acid (8.3 mg/g ). This acid might be present as an artifact of the fish pretreatment process with vinegar, or it might be produced by heterofermentative L. brevis and L. plantarum. The concentrations of the other organic acids detected did not vary significantly from those reported previously. 1) Changes in total bacterial population during ajinarezushi fermentation Finally, we evaluated the approximate total bacterial populations at each stage of fermentation by measuring the quantity of 16S rDNA by qPCR (Fig. 1) . These analyses indicated that the bacterial population increased in a time-dependent manner until the end-point of fermentation (41 d). The calculated cell number of the genus Lactobacillus increased approximately 11-fold by the end of fermentation as compared with the population at 7 d. This is consistent with the significant amount of lactic acid detected after fermentation. The L. plantarum population was particularly high (approximately 23-fold) during fermentation. This species represented 64% of the bacterial population in the final product.
Discussion
Pyrosequencing analysis revealed changes in bacterial composition during the fermentation of aji-narezushi. We detected 53 genera (Table 1) , but only six genera individually accounted for more than 1% of the total population. Pyrosequencing is thus useful in identifying bacterial groups having small populations as compared to classical methods such as PCR-DGGE, as previously shown by Roh et al. 9) L. versmoldensis and L. acidipiscis have been identified by PCR-DGGE and PCR-SSCP analyses as the major species acting in aji-narezushi fermentation.
3) On the other hand, L. plantarum and L. brevis were found to be the main species in aji-narezushi in this study. Our results thus indicate that 
a Archaea and chloroplasts. the LAB composition of narezushi can vary significantly among different products. This might be due to the method of production of aji-narezushi, which includes no starter. Table 4 summarizes results of pyrosequencing and related culture-independent surveys on starter-free fermented foods. The data show high product-dependency in dominant bacterial taxon, even when the products contained the same ingredients, as seen in the case of aji-narezushi 3) and ayu-narezushi. 4) In two recent pyrosequencing studies on the salted and fermented seafood products jeotgal in Korea 9) and fermented pearl millet slurries ben-saalga in Burkina Faso, 10) bacterial flora was different at the genus level as between the samples tested. Sakamoto et al. examined the microflora of 16 samples of the Japanese pickling bed of the fermented rice bran nukadoko, and found that the major LAB species varied significantly among the products. 8) Several samples were dominated by non-LAB bacteria. Sample ii of jeotgal and sample xiv of nukadoko contained proteobacteria, and sample xv of nukadoko contained actinobacteria as major components.
LAB species show various patterns of auxotrophy regarding amino acids and vitamins. It is speculated that nutrition content influences the microbial community. Yamaji et al. reported that the growth of Lactobacillus sakei in kimoto (starter for brewing Japanese sake) is regulated by the amount of linoleic acid and peptideforming asparagine, 18) but the above-mentioned productdependency in microbial populations cannot be explained by the nutrient content, and it might result from fermentation conditions (temperature, pH, dissolved oxygen concentration, or water activity). Future studies should therefore be designed to probe how, and for what physiological reasons, certain LAB species come to dominate the fermentation process. 
